A distributed daily rainfallrunoff model is applied to the Tejo and Guadiana river basins in Spain and Portugal to simulate the effects of climate change on runoff production, river flows and water resource availability with results aggregated to the monthly level. The model is calibrated, validated and then used for a series of climate change impact assessments for the period 20702100. Future scenarios are derived from the HadRM3H regional climate model (RCM) using two techniques: firstly a bias-corrected RCM output, with monthly mean correction factors calculated from observed rainfall records; and, secondly, a circulation-pattern-based stochastic rainfall model. Major reductions in rainfall and streamflow are projected throughout the year; these results differ from those for previous studies where winter increases are projected. Despite uncertainties in the representation of heavily managed river systems, the projected impacts are serious and pose major threats to the maintenance of bipartite water treaties between Spain and Portugal and the supply of water to urban and rural regions of Portugal.
Introduction
Water resources in Iberia are of considerable concern and controversy due to the historic water stress and the generally recognised assertion that the region is experiencing decreases in precipitation and streamflow (Houghton et al., 2001) . Portugal and Spain experience considerable variability in inter-annual rainfall (Serrano et al., 1999) and a drought in 20042005 was the most severe since the 1940s; rainfall in some regions was the lowest in the 105-year record (INAG, 2005) . The drought required the imposition of major water restrictions and resulted in serious reductions in agricultural production, while more than 300 000 ha of land were affected by forest fires. Portugal demanded 6m in compensation from Spain after flows in the Douro river fell below limits established by a bilateral agreement.
According to Corte-Real et al. (1999) , a negative trend has already been detected in March precipitation in southern Portugal. Trigo et al. (2004) review the current climate and water stress in the region and analyse the strong linkage of rainfall and river flow to the North Atlantic Oscillation Index (NAO), showing that the magnitude of the NAO influence is large for Iberian rivers. The upward trend in the NAO, from the 1960s to the early 1990s, has coincided with the winter warming of Northern Hemisphere land masses.
Climate models forced with SRES A2 and B2 scenarios indicate little change in precipitation over the Mediterranean in winter (DJF, 5 to 5%). However, in summer (JJA), a large decrease in precipitation (< 20%) is predicted under A2 (Houghton et al., 2001) . River discharges of zero which currently occur in summer may in future persist for several months. By 2050, low flows in Portugal and Spain are expected to decrease.
In Portugal the water balance is particularly fragile due to the semi-arid climate; dependence on international resources and the dominance of agriculture in water use account for 79% of national demand (EEA, 1996) . The irregularity and intensity of rainfall, high inter-annual variability in rainfall and temperature and over-exploited systems are all influencing factors. Large surface water storage reservoirs are increasingly relied upon to meet water demands under increasing water scarcity. Groundwater resources also play a significant role, although there has been little research into climate impacts in the Mediterranean region and integrated catchment management has yet to be widely adopted in southern Europe.
This work assesses the impacts of climate change on the water resources of the Tejo and Guadiana rivers in the context of international agreements.
The specific objectives are to:
1. establish a hydrological model capable of simulating the monthly natural flows in the Tejo and Guadiana basins and validate using observations; 2. generate ensembles of future rainfall and evaporation series using two downscaling methods, for a range of representative scenarios to use as inputs to the hydrological model; 3. compare the scenarios generated by these two different methods; 4. simulate projected future conditions using the hydrological model and assess changes from the current situation.
The study area

HYDRO-CLIMATE AND WATER MANAGEMENT OF THE TEJO AND GUADIANA BASINS
A comprehensive review of the shared waters of the Iberian Peninsula, annual mean water resources and uses (Maia, 2000; EEA, 1996 EEA, , 2003 provides statistics of freshwater resources and abstractions in Portugal and Spain. The World Map of Arid Zones (EEA, 1996) classifies southern Portugal in the semi-arid zone category (P/PET <0.5, where P is precipitation and PET is potential evapotranspiration, Table 1 ). The climate has two well defined annual periods wet (October to April) and dry (May to September) so the soil is unsaturated for most of the year with low aquifer recharge. Rainfall is strongly heterogeneous spatially and small intense storms are common. Mean annual PET in Portuguese semi-arid areas is some 1500 mm yr 1 ; rates in central arid Spain are somewhat lower.
The Douro, Tejo (Tajo in Spanish, also known as Tagus) and Guadiana are the principal river basins shared between Spain and Portugal. The storage capacity favours Spain, while Spains intensive utilisation of some 70% of the annual mean water resources has led to a progressive decrease in the mean flows and an increased irregularity of the flow regime (Maia, 2000) . Surface-groundwater interactions can alleviate the effects of drought on river discharge but there is significant over-exploitation of groundwater resources in Spain (EEA, 1996 (EEA, , 2003 . There is a considerable increase in water stress from north to south in both countries, and Portugal can be divided into two hydro-climatic zones, with the Tejo river acting as a natural border. The study area lies in the southern part (Figs. 1 and 2) where reservoirs are indispensable to ensure water requirements are met.
The Natural Mean Flow (NMF)* is equivalent to an effective rainfall of approximately 225 mm yr 1 in Spain and more than 400 mm yr 1 in Portugal (EEA, 1996) ; the European average is approximately 300 mm yr 1 (Table 2 ). The Guadiana basin (71 573 km 2 , 16% of which is in southern Portugal) has an average total runoff of only 90 mm yr 1 . It is the southernmost shared river and its lower reaches and estuary border both Spain and Portugal. The headwaters of the Guadiana are one of the driest areas of Europe, with an annual average rainfall of only 415 mm (Fig. 3) . Precipitation is strongly seasonal, with June to August generally the driest time of year when PET (>800 mm yr 1 ). An increase of water storage in the Guadiana catchment, to satisfy the large water consumption from agricultural projects and public water supply, has modified the natural regime of the river significantly, notwithstanding climate change. The annual Spanish storage capacity in the area increased from almost zero in 1954 to 4000 m 3 × 10 6 in 1963 (Brandão and Rodrigues, 2000) and to 12 000 m 3 × * The total gross surface water resources (NMF) of Portugal and Spain have been evaluated by the Portuguese National Water Institute (INAG, 1995) at 3000 m 3 and 6400 m 3 per capita/year, respectively. 2000m 3 is indicative of water resource stress. From the analysis they conclude that storage generally satisfies demand and a few reservoirs are able to meet further increases. However, after the 24 th year of simulation, the number of months where the minimum ecological flow to the Guadiana estuary is not met increases considerably. The reliability of the ecological flow occurrence downstream of the Alqueva dam decreases from 100% (scenarios I and V) to 98% (scenario IV), and in the Guadiana estuary from 91% (scenario I) to 89% (scenarios II, III, IV and VI).
The interdependency of Portuguese and Spanish water resources suggests that conservation policies and water resources planning should be co-ordinated and made compatible. Recommendations for regional water management have been proposed . The new Convention on Cooperation for PortugueseSpanish River Basins Protection and Sustainable Uses, signed by the two governments but still to be ratified, demonstrates the commitment to shared water resources development and management. Maia (2000) summarises the scope, co-operation procedures, measures, exceptional situations and conflict resolution included in the Convention.
The current and foreseen pressures on water resources, including climate change, and respect of flow regime statements defined in the 1964 and 1968 conventions, must be addressed. Although minimum flows have been defined (in terms of total annual flow), no explicit allowance for exceptional years is made.
Hydrological Modelling
PREVIOUS STUDIES
Few studies have been undertaken regarding climate change impacts in the Guadiana and Tejo river basins. Previous work was on groundwater in the Upper Guadiana basin and on over-exploitation of its aquifer Conan, 2003) . A study by Brandão and Rodrigues (2000) applied a rainfall-runoff model for various scenarios but did not consider future climates. Trigo et al. (2004) considered the influence of the NAO on precipitation, river flow and water resources in the Iberian Peninsula but without the use of a hydrological model.
MODEL DESCRIPTION
UP2 is a conceptual rainfall-runoff and routing model, essentially a simplification of the UP model Kilsby et al., 1999) with the runoff algorithm based on the Xinanjiang probability-distributed soil-moisture scheme (Zhao, 1992) which is also implemented in the Arno (Todini, 1999) and VIC-2L (Liang et al., 1996) models. Quick and slow runoff processes are modelled, where the quick process is represented by the Arno scheme for surface runoff, and the slow process is represented by drainage from the surface soil layers into sub-surface transfer to the channels. The distributed daily runoff, from the surface water compartments, is routed to the gauging station outlets by a transfer function scheme via a number of intermediate points on the network to the basin outlets.
The river basin is divided into elements (Fig. 4 ) which are the basic components of the simulation model. Each element (10 km × 10 km in this study) contains three conceptual water storage compartments: vegetative canopy, surface water and soilwater (snowpack and deep groundwater are not considered in this application). To minimise the total number of parameter sets, each of the elements is categorised as being one of only a few types. The rate of water transfer between, into and out of compartments is controlled by the parameters. The key simulation variables are the volumes of water in the water compartments; simple budgeting is undertaken to maintain mass balance. Spatial inputs and responses are averaged over each element.
Variation in land cover is represented explicitly in UP2. Land cover, taken from the 1-km IGBP data set is reclassified to four types and the percentage of each type within individual elements extracted. Interception and evaporation parameters are then assigned according to the proportion of land cover within each element. Total evaporation is calculated as the sum of canopy evaporation, transpiration and bare soil evaporation, weighted by the fraction of surface area for each surface cover class Water storages, represented by state variables, are updated daily via mass balance equations.
MODEL PARAMETERISATION
Parameters have not been evaluated by direct measurement, so effective values are determined via calibration, within physically plausible bounds where appropriate. The parameters used for calibration are described below and summarised in Table 4 .
The soil water storage probability distribution is controlled by two parameters: W m defines the maximum water storage, varying between 200 and 450 mm here, whilst b controls the shape of the distribution. Generally, larger values of b generate higher runoff ratios. Drainage is a non-linear function of soil water above a threshold, W d , controlled by parameter c. Drainage is linear below this threshold (Eqns. 1 and 2).
Actual evapotranspiration is calculated as a linear function of PET, limited by soil moisture at field capacity (AE = PET) and at wilting point (AE = 0). Effective rainfall is calculated using a simple canopy interception model.
The surface water and groundwater generated from each of the UP elements is routed through the channel network with an analytical solution to the St. Venant equations using channel transfer functions derived from channel network information, including distances, widths and roughness . The approach is similar to the unit hydrograph theory, whereby discharge at the catchment outlet is estimated by linear superposition of unit hydrographs.
MODEL SET-UP
Initially, nine sub-catchments (four for the Guadiana basin and five for the Tejo) were delineated for separate parameterisation based on stream gauge locations (Fig. 2 ). These were subsequently simplified to two in each basin (Fig. 5) . So for the Tejo, for example, the Talavera, Trillo and Aranjuez catchments were aggregated. These subcatchments are simulated independently and the simulated discharge is routed downstream using a time-lag component (flow velocity is assumed to be spatially and temporally uniform and taken as 1 m s 1 ). This simplification is acceptable as the daily simulation results are then aggregated to monthly flows for analysis. Particular attention has been paid to the lowest stream gauges on each basin, the catchment outlets at Almourol (Tejo) and Pulo do Lobo (Guadiana).
Rainfall records were obtained via the Portuguese Instituto de Meteorologia (IM) and the Fundación para la Investigación del Clima (FIC) of Spain. Rainfall data post-1995 are processed and archived by the Portuguese National Water Institute INAG. Daily observations were obtained for 50 stations. For the same period, INM station records number 67 and 18 respectively for the Tejo and Guadiana. The availability and quality of data were variable and not all records were used. Finally, 87 stations with less than 5% missing data were selected on the basis of record length and elevation (to ensure a representative coverage across the basin) (Fig. 6) .
UP2 takes inputs of daily rainfall data and monthly PET. The rainfall inputs are processed using the rain gauge The maximum water storage capacity in the basin locations and the Thiessen polygon method to find the nearest gauge. A spin-up period of one year is used to start the model: the outputs for this period are discarded. Generally, the model outputs show that surface runoff is acceptably well-simulated, particularly for the peak flows. The model does not account for groundwater interactions in the upper Guadiana, and may therefore not represent baseflow well, e.g. augmentation of low summer flows. As will be discussed later, for flows in the lower Guadiana and Tejo these errors are small compared to the overall flows and other uncertainties introduced by abstraction and regulation.
The seasonality of the mean monthly discharge at the Guadiana outlet is more accentuated for the 19601980 period than for 19811994 (Conan, 2003) . After 1982, the date of completion of the El Vicario reservoir, the streamflow is reduced; this may cause model over-estimation of the streamflow in the upper Guadiana catchment.
MODEL CALIBRATION
A split-sample calibration and validation strategy was followed. The Guadiana and Tejo models were calibrated for the period 19701975 and the period 19751980 was used for validation. A local-scale approach was adopted. Upstream sub-catchments were calibrated first. Outlets located downstream of the main channel were initially avoided due to possible upstream influence. A simple timelag function was used to transfer the discharge from the upstream outlet to the downstream outlet.
A Nash-Sutcliffe index of performance using monthly flows was used to assess model calibration. Some parameters were fixed at values derived from previous model applications: these include w fc , w wilt , and the drainage and vegetation parameters. An automated optimisation was then used to find the key parameters W m and b. Manual calibration was carried out in the Puente de Palmas catchment. The calibrated UP model parameter sets for each land use and all catchments are given in Tables 5 and 6 . (Figs. 7 and 8) . Note that these periods are before major regulation and abstractions were implemented and the simulated flows (particularly in winter) are reasonably close to those observed.
MODEL VALIDATION
The catchment discharges were validated using data from 1975 to 1980. The results (Fig. 9) are a better fit than the calibration simulations, giving confidence in the model performance. Nash-Sutcliffe efficiencies of 0.75 at Almourol and 0.93 at Pulo do Lobo were obtained. The validation period is wetter, with higher flows than the calibration period, so it is to be expected that the model will perform better then because the Nash-Sutcliffe efficiency in model fitting gives greater weight to high flows.
The model was then tested against the 19611990 period for the Guadiana catchment and 19731990 for the Tejo catchment. Both of these long simulations gave acceptable results (Figs. 10 and 11) . However, later in the period, and especially in the Guadiana, a pronounced over-estimation by the model for low flow periods is caused by an absence of the representation of abstraction and water management measures in the model.
Climate change study
The validated hydrological model was then used for simulation of future climates using two methods for generating future climate scenarios. Firstly, outputs from a Regional Climate Model (RCM) were used directly, with bias correction (denoted Direct). Secondly, rainfall data were generated using a circulation-pattern based method for 42 stations over the Tejo and Guadiana river basins (denoted CP).
RCM PRECIPITATION SCENARIOS
Future rainfall series were generated using a methodology previously applied in a NW England water resource system study and described more fully in Fowler and Kilsby (2006) . The procedure takes daily rainfall outputs from the HadRM3H future scenario and uses them directly as inputs to the hydrological model after applying a monthly bias correction based on the difference between the observed and HadRM3H control rainfall. The data are derived from the HadRM3H grid of approximately 50 km resolution, shown in Fig. 12. The mean of the three control series was used for bias correction. Long-term means of the series for each basin are shown for comparison with the observed in Fig. 13 . Both control and observed series have been area-averaged for the basins using the Thiessen-polygon method for each gauge record.
The future series for 20702100 were used in this assessment, for the more severe SRES A2 scenario. The ensemble of three simulations for the A2 scenario is used, providing 90 years of data, used here as three thirty-year series. This has the advantage of providing simulations of the same length as the observed record as well as giving an estimate of natural variability. Figure 14 shows the changes in basin-average rainfall for the Guadiana and Tejo for the period 20702100.
PET data for the future case was modelled using the observed series multiplied by a factor, based on estimates of PET future change in the region using the Penman equation (see Ekstrom et al., 2007, for more details) . This increase amounts to some 40% or more annually across the region, although large increases in PET in summer will have little effect on actual evaporation as available moisture is low at that time of year.
CIRCULATION PATTERN DERIVED SCENARIOS
The second set of scenarios was produced using a multisite stochastic weather model conditioned on large-scale daily circulation patterns. This is fully described in Xu et al. (2007) . Three 100-member ensembles of 30-year daily rainfall series were supplied, conditioned on circulation patterns taken from (a) the observed historic period, 1961 1990, (b) the HadRM3H control, and (c) the HadRM3H future A2 scenario (as for the Direct scenarios described above). The long-term area-weighted basin averages of the historic and control series are shown in Fig. 13 for comparison with the observed. The historic series reproduce the observed means well, whilst the control series underestimates rainfall somewhat in the winter period. Figure 14 shows the changes in basin-average rainfall for the Guadiana and Tejo for the period 20702100 alongside the equivalent for the direct scenarios. The means for the ensembles of each are also given in Table 6 , where it can be seen that the CP-based scenarios exhibit a much smaller 
Daily Rainfall (mm)
CP control CP future reduction in rainfall for the future period (around 13% annual mean) than the direct scenarios (around 27% annual mean). Smaller changes in rainfall may be expected from circulation-based models, particularly if there are only relatively small changes in future circulation patterns derived from climate models. This difference could also be due to the Direct method incurring greater within weather-type changes in rainfall, e.g. from increased convective forcing. Overall, this is indicative that generally smaller changes in future rainfall may be obtained using circulation-based downscaling methods.
Results and discussion
Control and future climate change impact simulations were performed for the Tejo and Guadiana basins using the rainfall-runoff model with the rainfall and PET series described above. Control simulations (representative of the period 1961 1990) were performed using three ensembles of inputs: (1) Direct (RCM) rainfall series and CP-based rainfall series for two cases, (2) historic (rainfall model driven by observed CPs) and (3) The control simulations show reasonable agreement with observations, but with some significant differences. Although the CP historic simulations are in good agreement with observations for the Tejo basin, they are less good for the Guadiana, with significant over-estimation, particularly in spring and summer. This is consistent with the validation results and may be attributed to the major abstractions and management in the basin in later years, most prominent in spring and summer. The CP control simulations agree less well, due primarily to the less accurate reproduction of mean rainfall (Figs. 13, 14) . For the Direct case, the control simulations again over-estimate flows throughout the entire year (Guadiana) and in spring and summer (Tejo).
The future impacts (Figs. 15 and 16, and Table 7 ) show significant reductions in flow throughout the year in contrast to previous studies which showed some compensating increases in winter flows due to higher rainfall (Corte-Real et al., 1998 Trigo and Palutikof, 2001) . Reductions are much more pronounced for the Direct cases (annual reductions of 26% and 49% for Guadiana and Tejo respectively) than for the CP-based rainfall (21% and 20%); arising directly from the differences in rainfall scenarios.
Reductions are much greater for the Tejo basin (49%) than the Guadiana (26%) for the Direct rainfall scenarios, whilst reductions are similar in both basins for the CP scenarios.
Conclusions
This impact assessment clearly projects a major reduction in future flows, caused by both the increase in PET and the year-round decrease in rainfall amounts. These reductions pose major threats to water supply in Portugal from the Tejo river (a key resource) and the Guadiana river (supplying the Alqueva reservoir and irrigation water for much of the Alentejo region and the south of Portugal).
Previous studies (based on HadRM2 and GCM outputs) have suggested that increases in winter rainfall may compensate for decreased summer rainfall: the results presented here however suggest year-round decreases in rainfall and stream flow. This has serious implications for the viability of the existing bi-partite water agreements between Spain and Portugal, which have already been breached recently. A key element of this study has been incorporation of a range of future rainfall scenarios. Whilst these have been based on a single GCM change scenario (HadCM3 SRES A2, 2080s), a wide range of conditions has been generated using two means: firstly, by downscaling using two different methods and, secondly, by using ensembles of series from each method. The two downscaling methods are (a) directly using the dynamically downscaled HadRM3 rainfall outputs, and (b) using a stochastic rainfall model conditioned on circulation patterns. Three ensemble members were available in the case of the Direct RCM series and 100 in the case of the CP based method.
Larger reductions in rainfall were obtained for the Direct scenarios than for the CP-based scenarios. This is not surprising, since the CP-based method works by changing the relative frequency of existing weather types or rainfall systems, whereas the direct method allows changes to the rainfall generation of a given weather type, thus allowing further reduction or enhancement. Intra-ensemble differences were also smaller for the CP based scenarios.
Strategies for the assessment of future resources would benefit from further improvement of the hydrological modelling. A major difficulty in the modelling methodology is posed by the large degree of regulation and abstraction in the river systems. As a result, there is a large discrepancy between the observed flows and the simulated flows which correspond to natural conditions. This is most apparent for the latter years in the observed period (e.g. after 1980) when major reservoir storage and river abstractions were implemented. One strategy for correction would be to compare simulated (natural) and observed (regulated) flows for an affected period (say 1980 to 1990) and to derive corrections for a range of quantiles taken from flow duration curves (e.g. Q90, Q50, etc.). These corrections would then allow the estimation, on average, of real flows from simulated flows, assuming that the same management regime has been continued. Further analysis for resource management could set thresholds for reliability and the failure of resources; suitable thresholds may be selected by consideration of scenarios corresponding to the condition of exploitation used in the Spanish National Water Plan. The threshold for failure in a sustainability analysis could, for example, be that the flow at the Portuguese border should not fall below the thresholds set in bi-lateral treaties (i.e. 600 hm 3 annual mean flow or three-year total of 2400 hm 3 .)
A further shortcoming of the model is the lack of a groundwater component for adequate simulation of the upper Guadiana. This is not a crucial issue for the simulation of flows at the outlet of the basins, but does preclude analysis of flows internal to the basin. Future development of the simulation capability should address this issue as well as the more important one of abstraction and regulation, perhaps through the use of a rules-based routing scheme.
Although two different downscaling methods have been used here, giving a wide range of projected future impacts, a more informative analysis would use a wider range of future rainfall and PET scenarios, following the PDF methodology described by Hingray et al. (2007) . This would then allow a range of climate model outputs to be included, rather than just the HadRM3 outputs used here, and allow the uncertainty in future projections to be more fully explored.
